Acyl ascorbates are ascorbic acid derivatives, which are possibly used as antioxidants in oil systems. The effect of stearoyl ascorbate at different amounts in model cookies containing iron, in terms of lipid autoxidation, was studied. A kinetic model describing the formation and degradation of lipid hydroperoxides (expressed as peroxide value) was developed to compare the antioxidant abilities. Results showed that addition of 25 mg of stearoyl ascorbate to 250 μL of soybean oil resulted in the longest induction time among the tested systems. Additionally, stearoyl ascorbate showed much higher antioxidant ability compared to palmitoyl and behenoyl ascorbates.
Introduction
Rancidity is a major factor contributing to the deterioration of food containing fat and oil, because autoxidation of unsaturated fatty acids is a thermodynamically favorable reaction that proceeds at a considerable rate even at low temperatures. However, retardation of lipid oxidation can be achieved by several methods. Removal of oxygen, protection from light, and addition of antioxidants are among the several methods routinely applied in the food industries [1] to prolong the shelf-life of food products and prevent rancidity.
Acyl ascorbates, which are esters of fatty acids with different chain lengths and ascorbic acid, have been found to be effective antioxidants for bulk, disperse, and microcapsule oil systems [2] . The acyl chain makes it possible to use ascorbic acid in oil systems. Currently, palmitoyl and stearoyl ascorbates are permitted for use as food additives. Aleman et al. [3] reported that palmitoyl ascorbate at 0.04% (w/w) ef fectively suppressed tocopherol loss and oxidation of chocolate cream used in sandwich-type cookies, while Zou and Akoh [4] found that palmitoyl ascorbate at 0.005% (w/v) is the most effective antioxidant in infant formula emulsion as compared to α-tocopherol, β-carotene, ascorbic acid, and citric acid.
The antioxidative properties of antioxidants in simple systems, such as bulk oil [5] , emulsions containing a single oil and single aqueous component [6] , encapsulated oil with a single wall material [7] , have been evaluated to gain basic information regarding antioxidative properties of acyl ascorbates. However, to determine the applicability of antioxidants in food products, a more complex, controlled food model should be tested. Therefore in this study, model cookies containing iron, a lipid autoxidation catalyst, were used to test the efficiency of long-chain acyl ascorbates for the retardation of lipid autoxidation, by kinetic analysis of the peroxide value.
Materials and Methods

Materials
Stearoyl ascorbate, palmitoyl ascorbate, and soybean oil were purchased from Wako Pure Chemical Industries (Tokyo, Japan). Behenic acid was obtained from Kishida Chemicals (Osaka, Japan). Ascorbic acid was obtained from Nacalai Tesque (Kyoto, Japan 
Preparation of behenoyl ascorbate
Because behenoyl ascorbate is not commercially available, it was prepared by enzymatic reaction under the optimal conditions previously reported [8] . 15 mmol of ascorbic acid, 45 mmol of behenic acid, 1 g of Chirazyme ® L-2 C2, and 300 mL of acetone were combined in an amber glass bottle and briefly mixed in a shaking water bath (150 rpm) at 50℃ for 24 h to allow the reaction to proceed.
Behenoyl ascorbate was purified by filtering the reaction mixture through Advantec No. 1 filter paper. The filtrate was concentrated in a vacuum evaporator at 50℃.
The concentrated solution was combined with hexane, filtered, and then washed with hexane several times to remove all unreacted fatty acid. The obtained solid residue was transferred to a 500 mL separating funnel and combined with 100 mL of 2-butanol and 50 mL of distilled water to partition the product into the 2-butanol phase and the unreacted ascorbic acid into water. The lower water phase was then discarded. The 2-butanol phase was repeatedly washed with water several times for the complete removal of ascorbic acid. Then, butanol was removed by evaporating under vacuum at 50℃.
The final product was further dried in a desiccator that was kept in the dark, together with phosphorus pentoxide, under vacuum for one day. The purity of the product was checked by HPLC, and the dried product was kept at 4℃.
Preparation of cookies containing iron
Cookies containing iron were prepared as a model food for studying the antioxidative property of acyl ascor- [13] After the reaction, Fe 3+ is formed, which can be reduced to Fe 2+ by ascorbic acid (Fenton reaction).
Therefore, at higher amounts of C18AsA, a greater number of molecules acted as pro-oxidants; therefore, the induction period was shortened. This result disagreed with the behavior of ascorbic acid in simpler systems; for example, Yen et al. [12] found that in deoxyribose assay, ascorbic acid at low concentrations acted as a pro-oxidant by reducing Fe 3+ to Fe 2+ , but at higher concentrations, ascorbic acid acted as a scavenger of hydroxyl radicals. We have previously reported that in linoleic acid oxidation without a metal catalyst, increasing the molar ratio of ascorbic acid or capryloyl ascorbate to linoleic acid from 0 to 0.1 could increase the stability of linoleic acid [5] . It should be noted that k 1 and k 2 in each system were calculated using the estimated kinetic parameters. were not much different.
Antioxidant ability of acyl ascorbates with different acyl chain lengths
Acyl ascorbates with dif ferent acyl chain lengths (C16AsA, C18AsA, and C22AsA; 25 mg each) were compared for their antioxidant activities (Fig. 2, Table 1 .).
Both SEC16 and AsA-SEC16 were used for control treat- of bulk linoleic acid [5] . Caproyl ascorbate was better than capryloyl, lauroyl, and palmitoyl ascorbates for the retardation of encapsulated oil [14] . From these literature data, it can be concluded that the matrix of each system has an influence on the antioxidant activity of each acyl ascorbate. In this study, for example, behenoyl ascorbate, which has slightly higher hydrophobicity than palmitoyl and stearyl ascorbates, might interact with saturated lipids from butter instead of unsaturated lipids from soybean oil, which renders it unavailable for retarding autoxidation.
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